In this paper, we examine the influence of environmental regulation on sustainable economic growth from both theoretical and empirical perspectives. Our research is twofold. First, we apply a modified NEG (New Economic Geography) model to analyze how environmental regulation influences firms' location choices and cities' sustainable economic growth. Second, we test a spatial econometric model employing panel data of the three largest urban agglomerations in China from 2003 to 2013 to study the relationship between environmental regulation and sustainable economic growth as well as the spillover channels of economic activities. The results reveal a remarkable negative effect of environmental regulation on economic growth. In addition, we find no sufficient evidence to prove the existence of long-term effects of environmental regulation on economic growth in the three urban agglomerations. Furthermore, using different weight matrices to illustrate the different economic networks of the urban agglomeration, we validate the difference in spillover mechanisms across these three urban agglomerations. Specifically, the disparity in environmental regulation acts as a spillover channel for the Yangtze River Delta and the Pearl River Delta, while it is not significant for Jing-Jin-Ji.
Introduction
Over recent years, China has set mandatory targets for the reduction of pollution, sparking debate regarding the effects of environmental regulation on economic growth [1] . Many studies have focused on how environmental protection might mitigate environmental problems, while fewer papers have analyzed the influence of these policies on economic growth from both spatial and network perspectives [2] .
Sustainable development was a national strategy proposed by the Hu Jintao-Wen Jiabao administration. Li Keqiang, the current prime minister of China, argued that the economic growth at the expense of environmental degradation was not acceptable [3] . Though the national 12th FYP (five-year plan) targeted an annual average GDP growth of 7%, 26 of the 31 provinces have set growth goals above 10% in their provincial FYPs, indicating that governments continue to prioritize economic development [4] . In addition, many cities even targeted annual GDP growth rates ranging from 12% to 17%.
Environmental regulation might have side effects on economic growth. The Porter hypothesis [5] asserting that environmental regulation motivates firms to innovate may not apply in China [6] . Jorgenson and Wilcoxen [7] studied the impact of environmental regulation on U.S. economic growth, showing that the cost of emission controls was more than 10% of the total cost of government purchases of goods and services. Additionally, the negative effects on economic growth have also discouraged China's local governments from implementing environmental regulation policies [8] . With the recent slowdown of the economic growth rate, many doubts have emerged regarding how environmental regulation policies might affect economic growth and to what extent [4, 8] .
Environmental regulation affects economic performance by increasing the burden of sewage firms and the prices of products, leading to a change in relative advantage among cities with different levels of environmental regulation. Many studies have proven that administrations would move from being highly regulated to loose ones, and spillover effects have been shown across administrative boundaries [9] [10] [11] . Additionally, an urban agglomeration is an economic network of closely connected cities [12, 13] , and such networks act as channels whereby cities interact with each other [14, 15] . Environmental regulation policies not only shape the focal city's economic growth, but also impact the surrounding cities through an economic and spatial network. However, many studies have neglected the spillover effect, leading to conflicting results about the relationship between environmental regulation and economic growth [16] . In addition, urban agglomerations with different network structures may have various spillover effects and spillover channels [14] . The channels can be represented through the location and magnitude of spillovers [15] . Testing the existence of the spillover channels is crucial to revealing how spillover effects occur in urban agglomerations.
The notion of sustainable economic growth in this article highlights the environmentally friendly economic growth and the coordinated economic development of urban agglomeration. Friendly economic growth emphasizes the importance of protecting the environment, and the coordinated economic development of urban agglomeration concerns the development gap among cities in urban agglomerations [17, 18] . This paper employs spatial econometric methods and social network analysis in the GIS environment, in order to reveal the impact of environmental regulation on economic growth as well as the spillover effects due to disparity in environmental regulation. This research utilizes the datasets of China's three major urban agglomeration: Jing-Jin-Ji, the Yangtze River Delta and the Pearl River Delta. This paper employs different types of spatial weight matrices to examine the channels of spillover effects in the urban agglomeration. In addition, we compare the regression results of the three urban agglomerations regarding the spillover channels. The main contributions of this paper are the theoretical model and the verification of different spillover channels.
The remainder of this paper is as follows. Section 2 develops the arguments regarding the relationship between environmental regulation, economic growth and the spillover effect in the urban agglomerations. Section 3 explains how environmental regulation impacts the economic growth of urban agglomerations by establishing a NEG model from a microperspective. Data and empirical methods are presented in Section 4. Section 5 presents the results, and the final section is our conclusion.
Environmental Regulation, Economic Growth and Spillover Effects
The impact of environmental regulation on economic growth has been hotly debated in terms of four aspects. The first set of theories took R&D activity into account in an endogenous growth model, simulating the impact of environmental regulation on economic growth [19, 20] . Abdullah and Morley [21] used panel causality tests to analyze the causal effect of environmental taxes on economic growth, identifying some evidence of short-run causality. McGowan [22] examined the interplay between regulation and innovation by comparing the regulatory context that promoted the diffusion of shale gas techniques with the responses to its potential development across different countries. The results suggested that different economic systems had various responses. Yin et al. [23] incorporated environmental regulation and technical progress into the economic growth model, by considering the institutional and technical factors that affected low-carbon economic development. The outcome indicated that there was a CO 2 emission Kuznets curve in China, especially under stricter environmental regulation. All the above studies extended an endogenous growth framework to analyze the effects of environmental regulation on economic growth. There was no consensus on whether environmental regulation promoted innovation and productivity [24] [25] [26] [27] [28] .
Another set of literature addressed the effects of environmental standards on trade flows and FDI. Most studies showed that FDI was more sensitive to environmental regulations than other local investment policies. Keller and Levinson [29] used an 18-year panel data on inward FDI flows in the U.S. to develop a novel measure of the relative abatement costs. Controlling for unobserved state characteristics, the authors found that abatement costs had moderate deterrent effects on foreign investment. However, the findings are mixed. Raspiller and Riedinger [30] employed a sample of imports data of French firms to investigate the impact of environmental regulations on the location choices made by firms. Environmental regulations were not statistically significant for the location behavior of French firms. Kheder and Zugravu [31] highlighted a forward looking behavior of firms by examining their location decision-making. Using French firm-level data in a conditional logit model, the authors identified a strong pollution haven effect from a pooled sample of countries receiving French direct investments.
The third set of theories can be concluded as the theory of environmental regulatory competition, suggesting that the presence of competition might lead environmental standards in a "race to the bottom". This viewpoint was developed in the context of the increasing integration of global markets and the inter-regional mobility of goods, workers and capital [32, 33] . Governments may lead the "race to the bottom" in environmental policy by encouraging the industrial transfer from other regions with stricter environmental standards [34, 35] . Some previous studies have investigated the effects of environmental regulation on a firm's location choices from this perspective [36, 37] . The difference-in-differences-in-differences (DDD) method has been applied to water pollution problems by comparing the regulation policies between upstream and downstream provinces in China, finding that the provincial governments responded to the pollution reduction mandates by shifting their enforcement efforts away from the most downstream provinces [11] .
The fourth set of theories targeted the impact of environmental regulation on economic growth using a more comprehensive approach. Bovenberg and De-Mooij [38] used environmental taxes in an endogenous growth framework to study the economic effect of environmental regulation on economic growth, concluding that environmental regulation was an important factor for economic growth. Ricci [39] reviewed the effects of environmental regulation on economic performance, and stated that environmental regulation contributed to economic growth in the long run. However, Aloi and Tournemaine [40] argued that there was tradeoff between environmental regulation and economic growth. Smulders et al. [41] emphasized the notion of Green Growth, showing that there was "no a priori assurance of substantial positive spillovers from environmental policies to income growth, or for a monotonic transition to a 'green steady state' along an optimal path".
Nonetheless, fewer studies analyzed the channels of economic interaction among cities in the urban agglomerations, where cities were closely connected as a network [15] . An economic network model was suggested to analyze the relationship between economic network and innovation, finding that firms can acquire knowledge through their economic network relations [42] . The important role of the economic network has also been identified in the study of international trade, poverty and innovation [42] [43] [44] [45] [46] . However, the economic network model has rarely been used to study how environmental regulation affects economic growth. Kim [47] studied how local policy networks deterred the race to the bottom in environmental regulation in South Korea, finding that local policy networks not only affected the regulatory behavior of local governments but also mitigated the race to the bottom. Acemoglu et al. [48] modelled the determination of state capacity as a network game and studied the spillover effects of local state capacity in Colombia.
Topa and Zenou [49] argued that spatial econometrics was suitable to estimate the spillover effect of networks. Bai et al. [50] used the Moran's index to detect the positive spatial autocorrelations across the provinces of China, and applied spatial econometric method to study the determinants of regional economic growth. Corrado and Fingleton [51] stated that different spatial weight matrices can be used to reflect the channels of spillover effect. Therefore, this study will build several spatial weight matrices to describe multidirectional and multi-level relations in the urban agglomeration.
In summary, four research gaps are worthy of further investigation. Firstly, most researches lacked the micro-theoretical analysis of how environmental regulation impacts economic growth. Secondly, a large number of studies neglected the economic interaction and spillover effects caused by environmental regulation disparities among cities in urban agglomerations. Thirdly, the spillover channels received little attention. Fourthly, there existed very few comparative studies of the impacts of environmental regulation on economic growth.
Theoretical Background and the Model

Theoretical Assumptions and Background
New Economic Geography and Core-Periphery theory serve as our theoretical base. Inspired by the model developed by Head and Mayer [52] and its extension by Kheder and Zugravu [31] , we rebuilt the cost function in the model including population factor, labor and capital. It is assumed that cities in the same urban agglomeration have the same market potential.
The assumptions follow: two sectors-agriculture and industry; agriculture sector produces homogeneous good that is traded costless under perfect conditions and constant returns; the monopolistically competitive, increasing-returns industry sector produces a series of differentiated goods; all citizens have identical preferences: upper-tier preferences of the representative consumer are represented in the Cobb-Douglas form; preferences over differentiated industry goods are given by CES sub-unity function, with σ > 1 as the constant elasticity of substitution; the shipping of industry goods implies "iceberg" transport costs, τ.
We consider an urban agglomeration with a finite number of cities, i, j P t1, 2, . . . , nu. We also assume city i as the core city and j represents one of other peripheral cities (In order to simplify the analysis, we assume that there is only one core city). In addition, the traffic conditions between city i and other cities are the same. There are no trade barriers among cities and firms face the same market competition across cities.
According to Head and Mayer [52] , we can write the gross profitability π of a firm h located in city i and trading with any city j:
The Equation (2) represents the Krugman Market Potential, τ 1´σ ij is a measure of trade freeness degree, G j expresses competition from firms in the urban agglomeration, E j is consumers' total expenditure in city j, µ is the share of E that is spent for the purchase of differentiated goods, and c i phq is the marginal cost of the representative firm producing a variety h in city i.
A firm's location decision is determined by comparing market potential and the firm's marginal cost of production in these locations. With no trade barriers, the same traffic conditions and market competition, cities' market potential can be treated as the same. Hence, the only factor that influences the firm's location choice is the marginal cost of production in these locations.
As mentioned in the model assumption, labor, capital and pollution are included in the cost function. We use the form of Cobb-Douglas with constant returns to represent the cost function: where A represents the level of total factor productivity (TFP), w, r and t represent the unit cost of labor, capital and pollution, respectively, Ω represents external factors that affect marginal cost. With the combination of Equations (1), (2) and (3), we can rewrite Equation (1) as the following:
Equation (4) predicts that the profitability of a firm h settled in a city i is positively related to the market potential and the TFP, and negatively related to production costs. The factors A, r with no subscript mean that the TFP and the cost of capital are the same between city i and city j. In this paper, we aim to study how the enforcement of environmental regulation impacts economic growth in urban agglomerations. Firms' behavior is the micro foundation of urban economic performance. To analyze how this impact happens, we construct the model to reveal how environmental regulation determines a specific firm's location choice among cities in the urban agglomeration (Here, we do not consider the situation that firms move out of the urban agglomeration, because these firms' main market are within the urban agglomeration, and moving out means a loss of market access). Each firm h selects a city where it will locate, in the core city or other peripheral cities.
Firstly, we consider that every city in the urban agglomeration faces the same stringent environmental regulations, such as the quota of emission allowances of air pollutants and other pollutants. The quota is set as Q i , and the quota is untradeable among cities which can be seen as a strict condition. The cap-and-trade markets inside a city are perfectly competitive. Hence, the unit cost of pollution t i can be represented in the following equation:
with the quota Q i unchangeable at a fixed time, t i is determined by the demand of pollution emission allowance. City i is the core city which has more firms than other peripheral cities, so city i has more demand on the quota, with t i being higher than that of other cities. If firm h settled in city i faces the higher pollution cost, will it be relocated to other cities? It depends on the final profitability in different cities and the relocation cost. If we represent the relocation cost as R c , we can express this relocation prerequisite as:
Combining Equations (6) and (7), we can get Equation (8) .
where, θpσ´1qplnt i´l nt j q means the pollution cost saving by a firm's relocation, αpσ´1qplnw j´l nw i q means the different cost of labor in city i and city j, pσ´1qplnΩ j´l nΩ i q expresses the different costs of external factors in two cities. So, under the same stringent environmental regulation, firm h will relocate in city j other than in the core city i, when the pollution cost saving is higher than the three parts on the right side of the Equation (7).
A Location Choice Model: The Discriminatory Environmental Regulations
Besides the pollution quota, there are many other policies that governments enforce to achieve better environmental indicators. In China's urban agglomerations, cities have their own right to formulate environmental policies and the related industrial development plans. These environmental policies are closely connected with the hierarchy of cities. According to existing policy practice, we can decude the following phenomenon: the cities with a high administrative level and important strategic position often tend to have more stringent environmental regulations [4, 8, 11] .
Some firms, especially heavily polluting firms, have to move out of the core city because of stricter environmental regulations. For instance, Shenzhen Suntak Circuit Technology Company, one of the world-leading printed circuit board service enterprises, does not meet the requirements of the industrial development plan of Shenzhen anymore, and moves most of its production bases to Jiangmen, which supports its development. In summary, for firms in city i, pollution emission is forbidden in the core city. In this situation, a firm's relocation seems to be an inevitable choice.
Firm's Relocation Choice, Spillover Effects and Economic Growth
With the enforcement of environmental regulation policies, the location choice of firms may change. Some firms in the core city will move out and relocate in the other peripheral cities, which influences not only the core cities' economic growth rate but also other cities' economic growth rate. This process can be treated as the economic spillover effect which is important to the regional economy and should be treated carefully in econometrics.
A firm's relocation in urban agglomeration has two types of effects on urban economic development: a direct effect and an indirect effect. The direct effect means that the moving out of firms will slow down the growth rate and the moving in of firms will stimulate it, so that is why more rigorous environmental regulations suppress economic growth. The indirect effect means the structural change spurred by the industrial transfer, which leads to firm replacement and influences economic growth in a variety of ways. For some cities, the moving out of polluting firms means that there is available space for developing more advanced industries that pollute less and produce more efficiently, which allows these cities to achieve sustained economic growth. While for other cities, the moving out of manufacturing firms just makes these cities fall into the trap of "industry hollowing", which cause the growth rate to decrease. This relocation process also has types of spillover effects. The first is the spatial relocation of the economic activities-the cities with lower pollution costs will undertake an industrial transfer from the cities with high pollution costs. This spatial redistribution of economic activities makes cities adjust their industrial structure and their development focus. The redistribution of economic activity within a defined area spurs an adjustment to the functions of each city in the urban agglomeration. The core cities may upgrade their industrial structure, and peripheral cities can economically grow by undertaking industrial transfers, which can reduce the development inequity in the urban agglomeration, improve the degree of integration and, thus, promote the coordinated development of the agglomeration.
The second spillover effect is the technology spillover effect brought about by industrial transfer. Although environmental regulations mainly affect heavily polluting enterprises, the addition of new enterprises also increases the total factor productivity level of peripheral cities. In addition, "face to face" contact and the interaction between upstream and downstream industries also increase the technical level of enterprises in peripheral cities. Therefore, the spatial redistribution of the enterprises brought about by environmental regulation influences the economic growth of peripheral cities through the technology spillover effect.
Methodology
Empirical Models
Our theoretical model fully determines how environmental regulation affects urban economic growth, and interprets the spillover effects that occur in cities in the urban agglomeration. Our empirical strategy has multiple components. In this section, we first discuss the benchmark model to verify the relationship between environmental regulation and economic growth. Then, we discuss the long-run relationship between them, and we use the spatial econometric method to test the spillover effect and how it happens through various regressions. As a preview, we find that environmental regulation deters urban economic growth significantly in all three urban agglomerations. While there is no significant evidence that supports a long-run effect of environmental regulation on economic growth, our results also indicate that there are different channels in the three urban agglomerations.
Firstly, our benchmark model is
where y it is a measure of economic growth of city i in year t, ER i,t´1 is the key explanatory variable which reflects the environmental regulation stringency, X it are control variables that affect urban economic growth, µ i and ε t are city specific and period specific effects, respectively, υ it is the error term.
Based on the benchmark model, to determine the long-term effects of environmental regulation on economic growth, we refer to the methods used by Checherita and Rother [53] , introducing the square term of the environmental regulation variable into Equation (9) .
To analyze the spillover effect caused by environmental regulation, especially where and to what extent spillovers are occurring, we introduce the spatial lag term in Equation (9) and use the spatial econometric method to regress it. Spatial econometrics have advantages in its ability to identify how spatial dependence mechanisms work, which is embodied in the parameterization of the W matrix. Following the social network analysis method proposed by Topa and Zenou [49] , we consider weight matrix W as a representation of the economic network involving cities and links between cities. By adding the lagged dependent variable in the regression equation, spatial econometrics becomes a suitable method to represent the spillover mechanisms in the urban agglomeration network [54] .
Following the specification of the spatial econometric model summarized by Elhorst [54] , we use the spatial autoregressive model (SAR) to estimate the spillover effect.
The matrix W introduced in Equation (11) is the most important difference between spatial econometrics and traditional econometrics. The commonly used approach to specifying these weights is to either assume that spillovers only occur between contiguous spaces or that the elements in W decay with distance. Besides the above two forms of W, it has become a common practice to specify a number of different versions of spatial matrices. Anselin [55] suggests greater focus on modeling agents involved in social and economic interaction, namely "Putting some economics into W", which is also put forward by Corrado and Fingleton [51] . Following what Bavaud [56] has suggested, we construct four types of spatial matrices.
(1) 0-1 binary adjacency matrix W 1 The definition of adjacency used in W 1 is based on a notion of contiguity, as we can see from Equation (12) . By convention, self-neighbors are excluded and row elements are standardized such that they sum to one. Row standardization facilitates an interpretation of the weights as constructing a weighted average of the neighboring values through the so-called spatial lag operator [55] .
# 1 i and j share a common border 0 otherwise (12) (2) Economic distance spatial weight matrix W 2 We introduce the notion of economic distance put forward by Greenhut et al. [57] , and use it to construct matrix W. According to Fingleton and Le Gallo [58] , "it is more realistic to base it on relative 'economic distance'. Big cities are less remote than their geographical separation would imply, whereas very small locations are often isolated from one another." Based on the concept of economic distance, we can construct the economic distance weight matrix W 2 as the form of Equation (13) .
where y i , y j represent the average per capita GDP of city i and city j. This specification assumes that as the economic disparity between cities i and j increases (decreases), W ij decreases (increases), implying less (more) spatial weight to the pair (i, j).
(3) Anti-Economic distance spatial weight matrix W 3 Based on the concept of economic distance, we construct the concept of anti-economic distance, which emphasizes the disparity between two cities that influence the spillover. 
14)
This specification assumes that as the economic disparity between cities i and j increases (decreases), W ij increases (decreases), implying more (less) spatial weight should be given to the pair (i, j).
(4) Environmental regulation spatial weight matrix W 4 Inspired by the construction of the economic distance weight matrix, we use the environmental regulation spatial weight matrix to describe the interaction caused by environmental regulation disparities in the urban agglomeration, and test whether the disparities are channels for spillover. As has been analyzed in our model, the bigger the environmental regulation disparity between cites i and j is, the more likely that industrial transfer occurs between them, so the spatial weight to (i, j) is set to be larger. The weight matrix form is set as Equation (15) .
Data Description
Dependent Variable: The urban economic growth. We use the annual growth rate of GDP per capita as a proxy for the economic growth of cities in the agglomeration.
Explanatory Variables: the stringency of environmental regulation. Some researchers have used a large set of indicators to determine the strength of environmental regulation policies: Sanchez-Vargas et al. [59] used "the sum of investment on machinery and equipment aimed at reducing pollution at the plant level" to describe it. Kheder and Zugravu [31] employed the Z-score method to calculate the standardized values of three indicators-international environmental agreements, INGOs' members per million of population, and GDP/unit of energy used-and used them to capture countries' environmental regulation stringency. Levinson [60] used the method of composite index to represent the relative state stringency, in order to find the relative position of pollutant emission intensity in the whole country. In line with China's particular situation, we do not use the method by Kheder and Zugravu [31] because NGOs do not play a leading role in environmental regulation in China. We do not include the indicator used by Sanchez-Vargas et al. [59] due to data availability.
So, we choose the index used by Levinson [60] as a proxy for cities' environmental regulation. The index is given by Equation (16) .
where ER l,it is the environmental regulation strength of pollutant l (three pollution types are included, i.e. industrial waste water, industry sulphur dioxide and industrial soot), e l,it represents the emission of pollutant l, Y it means the real GDP of city i at time t, n expresses the number of Chinese cities. A higher ER index means more rigorous environmental regulations. Control variables: (1) the capital factor, which is expressed by fixed asset investment per capita, namely lnk in the following tables. (2) Resident population of the city is used to express the urban scale; the more the total population of the city, the larger the city's scale is. We represent it using lnpop in tables. (3) The government's per capita financial expenditure (lnExpen) is used to represent the government's influence on economy; the bigger the per capita fiscal spending is, the greater the government impacts the economy. (4) The impact of the international economic situation is described in the form of dummy variables (recession). Specifically, the global economic crisis that began in 2008 has had a great impact on the Chinese economy. So, we set the value of the year after 2008 to 1 to describe the impact of the economic crisis on urban economic growth.
Study Area and Data Description
The study areas include Jing-Jin-Ji (JJJ), the Yangtze River Delta (YRD) and the Pearl River Delta (PRD), which are the three largest areas of urban agglomeration in China. The three areas are the most important trade, commerce, manufacturing and industry centers of China, and are also the most developed regions in China. The locations of the study areas are presented in Figure 1 .
Data for the annual growth rate of GDP per capita, resident population, and the government's per capita financial expenditure at the city level are available from the China City Statistical Yearbook 2004-2014 [61] . The ER index can be calculated using the data of pollution emissions from the yearbooks that include HeBei Economic Yearbook [62], JiangSu Statistical Yearbook [63] , ZheJiang Statistical Yearbook [64] , and GuangDong Statistical Yearbook [65] . The 35 cities included in our research are listed in Appendix A. We also present a summary of the statistics for all these variables in Appendix B.
In 2013, the study areas' population accounted for 20.5% of the total in China and the GDP represented 37.1% of the national GDP. JJJ, YRD and PRD cover an area of about 185,000 km 2 , 118,000 km 2 , 42,500 km 2 in China's north, east and south regions, respectively. JJJ is the political and cultural center, YPR acts as the economic center and PRD is "the window of openness". All three regions have important status in China. Besides, these urban agglomerations are the most densely populated areas, and the pollution problem has received much attention by the government and the general public.
In September 2003, the Law of the People's Republic of China on Environmental Impact Assessment (the EIA Law), released by the Standing Committee of the National People's Congress (SCNPC) in 2002, was enacted. Since then, the Chinese government has gradually emphasized the need for environmental pollution control, and issued a series of environmental regulation policies. In particular, for major cities in the three urban agglomerations, environmental indicators have been an important aspect of the evaluation of government work. So, our study period starts in 2003.
has had a great impact on the Chinese economy. So, we set the value of the year after 2008 to 1 to describe the impact of the economic crisis on urban economic growth.
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Results
Dynamics of Environmental Regulation and Economic Growth
In this paper, the environmental regulation (ER) indexes of 35 cities for 2003-2013 were calculated and analyzed. Table 1 and Figure 2 can help us understand how the environmental regulation stringency of three urban agglomerations changes, as well as the environmental regulation disparity in the three urban agglomerations. Table 1 Table 1 , we can find that, from 2003 to 2013, the ER indexes of the three urban agglomerations have an overall rising trend, which shows that governments have attached great importance to environmental issues. Comparing the coefficient of variation of the ER index, we find that there are great differences in the discrete degree of ER index distribution in three urban agglomerations. In PRD, the environmental regulation disparity is the largest. For example, there is a difference of several dozen times the value of ER index between Shenzhen and Zhaoqing, which have the severest and the laxest levels of environmental regulation, respectively. The difference in the ER index among the cities in YRD is the smallest, which shows that the environmental regulation policies are more coordinated than the two other urban agglomerations. JJJ shows that the ER index of Beijing is much higher than the rest of the cities, and the difference between other cities is relatively small. In this paper, the environmental regulation (ER) indexes of 35 cities for 2003-2013 were calculated and analyzed. Table 1 and Figure 2 can help us understand how the environmental In addition, we created the quantile maps of the ER index of the three urban agglomerations, and compared its dynamic changes between the year 2003 (left in Figure 2 ) and 2013 (right in Figure  2 ). The top of Figure 2 shows the distribution of JJJ's environmental regulation. Comparing the left figure and the right figure, Beijing has always been the city with the severest environmental In addition, we created the quantile maps of the ER index of the three urban agglomerations, and compared its dynamic changes between the year 2003 (left in Figure 2 ) and 2013 (right in Figure 2 ). The top of Figure 2 shows the distribution of JJJ's environmental regulation. Comparing the left figure and the right figure, Beijing has always been the city with the severest environmental regulations, whose status has not changed. For Tianjin, the sub center city of JJJ, its stringency of environmental regulation has been significantly improved, and it can be seen from the quantile map that Tianjin rises from the third percentile (the red part on the left) to the second percentile (the purple part on the right). This change also shows that Tianjin's governments have assigned great importance to the implementation of environmental regulation policies. It is worth noting that the environmental regulation stringency of Tangshan and Shijiazhuang (the capital of Hebei province) are both at the fifth and fourth percentile in two years. This is mainly due to that, although the economic scales of the two cities are very large, their pillar industries are mainly secondary industries. What is more, these two cities have received most of the industrial transfer from Beijing and Tianjin. The middle of Figure 2 shows the environmental regulation distribution of YRD. In the two pictures, the three cities with the severest environmental regulations have not changed, which are Ningbo, Wuxi and Shanghai, respectively. It should be noted that Hangzhou (capital of Zhejiang province) has greatly improved its environmental regulation stringency in these years, with its ER index rising by 45%.
The bottom of Figure 2 shows the environmental regulation distribution of PRD. Similar to the above two urban agglomerations, the cities with the severest environmental regulations have not changed. Shenzhen, which neighbors Hong Kong, has always implemented a more stringent environmental regulation standard than other cities. Another core city, Guangzhou has strengthened its environmental regulations, in order to achieve the goal of improving its industrial structure.
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Empirical Results
The Results of the Benchmark Model
Column (1) of Tables 2-4 show the results of the Benchmark Model, corresponding to JJJ, YRD and PRD, respectively. In the regression equation, ER variables are lagged by one year in order to control for endogeneity with the dependent variable, which is consistent with Kheder and Zugravu [31] . The impact of environmental regulations on economic activities is often lagging behind, because firms also need time to prepare for relocation. Except for the dummy variable, all the other variables are log-linearized, and the regression coefficients represent the elasticity of independent variables.
We observe that the results are consistent with theory and our predictions. Concerning our core variable, environmental regulation, it seems to be an important factor for urban economic growth. In all of the three estimate results, the estimated coefficients of lnERt-1 are always negative and consistently significant at the 1% level, indicating that more stringent environmental regulations deter urban economic growth. Comparing the three estimate results, we find that there are significant differences in the extent of impact of environmental regulation on economic growth. Among them, the coefficient of lnERt-1 in JJJ is the smallest, which is -0.054. It shows that, for cities in JJJ, the stringency of the environmental regulation increased by 1%, and the growth rate of GDP per capita decreased by 0.054%. For YRP, the coefficient of lnERt-1 is -0.147, which sits in the middle of the three. It indicates that the environmental regulation stringency increased by 1%, and the growth rate of GDP per capita decreased by 0.147%. In PRD, the elasticity value is -0.494, which means that the environmental regulation stringency increased by 1%, and the per capita GDP growth rate decreased by 0.494%. Environmental regulation has the greatest impact on cities of PRD, which may be due to the industrial structure of PRD. In PRD, most peripheral cities' industries mainly rely on OEM, which produce some pollution and are sensitive to the pollution cost. Therefore, the impact of environmental regulation in PRD is larger than for the other two urban agglomerations. Figure 3 . Relationship between ER index and GDP per capita.
Empirical Results
The Results of the Benchmark Model
Column (1) of Tables 2-4 show the results of the Benchmark Model, corresponding to JJJ, YRD and PRD, respectively. In the regression equation, ER variables are lagged by one year in order to control for endogeneity with the dependent variable, which is consistent with Kheder and Zugravu [31] . The impact of environmental regulations on economic activities is often lagging behind, because firms also need time to prepare for relocation. Except for the dummy variable, all the other variables are log-linearized, and the regression coefficients represent the elasticity of independent variables. Notes: A full set of city specific and period specific effects are also included for Columns (1)- (6) . Standard errors clustered at county-year level are reported in parentheses. *** p < 0.01. ** p < 0.05. * p < 0.1. Notes: A full set of city specific and period specific effects are also included for Columns (1)- (6) . Standard errors clustered at county-year level are reported in parentheses. *** p < 0.01. ** p < 0.05. * p < 0.1. In all of the three estimate results, the estimated coefficients of lnER t´1 are always negative and consistently significant at the 1% level, indicating that more stringent environmental regulations deter urban economic growth. Comparing the three estimate results, we find that there are significant differences in the extent of impact of environmental regulation on economic growth. Among them, the coefficient of lnER t´1 in JJJ is the smallest, which is´0.054. It shows that, for cities in JJJ, the stringency of the environmental regulation increased by 1%, and the growth rate of GDP per capita decreased by 0.054%. For YRP, the coefficient of lnER t´1 is´0.147, which sits in the middle of the three. It indicates that the environmental regulation stringency increased by 1%, and the growth rate of GDP per capita decreased by 0.147%. In PRD, the elasticity value is´0.494, which means that the environmental regulation stringency increased by 1%, and the per capita GDP growth rate decreased by 0.494%. Environmental regulation has the greatest impact on cities of PRD, which may be due to the industrial structure of PRD. In PRD, most peripheral cities' industries mainly rely on OEM, which produce some pollution and are sensitive to the pollution cost. Therefore, the impact of environmental regulation in PRD is larger than for the other two urban agglomerations.
The Long-Term Effects of Environmental Regulation on Economic Growth
In order to determine the long-term effects of environmental regulation on economic growth, we have introduced the square of environmental regulation variables in regression equations to determine whether the change in environmental regulation levels has a threshold effect on economic growth in the three urban agglomerations. From the results of Column (2) in Tables 2-4 it can be found that lnER t´1 and its square are not significant at the 10% level for the three regression results. Even if the confidence level is expanded to 20%, the coefficients are still not significant for the three regression results, which shows that the environmental regulation has no long-term effect on economic growth.
This result may be due to the following two reasons. Firstly, the long-term effect of environmental regulation on economic growth has not been shown in the period of our study (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) . Even though environmental regulation can promote economic growth through industrial upgrading, the long-term growth effects are not significant during this period. Secondly, though the threshold effect exists, the threshold value of the environmental regulation index may be too low or too high. For JJJ and YRD, ER and economic growth show an inverted U shaped relationship which means that the impact of environmental regulation on economic growth increases after a period of suppression. However, ER index's threshold values are 7.389 and 8.331, respectively, which are less than most ER indexes in our research. For PRD, environmental regulation and economic growth show a U shaped relationship, while the threshold value is 219695, apparently too large and meaningless for this problem.
Channels for the Spillover in the Urban Agglomeration
Column (3)- (6) in Tables 2-4 show the regression results of spatial econometric models under the above four weight matrices, respectively. LR, AIC and SC test values show that the SAR model that we used is appropriate. Introducing spatial interaction in spatial econometric models has been advocated by previous researches [66, 67] . As Harris et al. [67] observed, "the standard approach using W is that spillovers are entered through the interaction between regions of the dependent or other variables in the model, weighted by W, as the proxies for spatial spillovers." Therefore, the different spatial weight matrices reflect different types of interaction among cities in the urban agglomeration. In other words, the regression results under different weight matrices shed a light on the significance of spillover effects in different channels, which is very important in exploring the characteristics of the economic network in the urban agglomeration and in analyzing the mechanism of economic interaction among cities in the urban agglomeration.
Analyzing the estimation results of JJJ, YRP and PRD, under four different weight matrices, the estimated coefficient of lnER t´1 is negative and consistently significant. This verifies that our benchmark model is robust, and the impact of environmental regulation on economic growth is consistent with reality. The value of Rho, the coefficient of spatial lag variable WY, can reflect the spillover effect and spillover channels by its significance.
Comparing the estimation results of Rho, we can find that there are differences in the economic spillover channels for the three urban agglomerations. Specifically, for the results of JJJ, Rho value is significant under the weight matrices W 2 and W 3 , but the Rho value under W 2 is only -4.6ˆ10´4, which lacks economic significance. Therefore, the weight matrix W 3 reflects the channels and mechanisms for the economic spillover within JJJ, and the impact is significantly positive. That is, the greater the economic disparity among cities in JJJ is, the stronger the economic spillover effect that occurs. There is a close connection and interaction between cities with a huge economic gap between them, which is consistent with the industrial transfer policy of JJJ. Beijing, for example, has been transferring capital steel and other heavy industrial enterprises to Tangshan, Baoding and other surrounding cities since 2005. Since then, the central government further put forward the policy of "transfer the non-capital function" to relieve Beijing's urban congestion and huge environmental pressure. As such, a series of industrial firms will gradually relocate to Shijiazhuang, Qinhuangdao where the level of economic development is relatively low. It is worth noting that the regression results under W 1 and W 4 are not significant, which shows that the geographical factor and environmental regulation disparity are not important factors affecting the economic spillover of JJJ. This shows that the industrial transfer in JJJ is mostly policy-oriented rather than market-oriented, which is mainly because the enterprises of JJJ are mainly composed of state-owned enterprises, whose business decisions are made by the government and not the market.
As shown in Table 3 , for YRP, Rho value is significant under the weight matrices W 1 , W 3 and W 4 , which means that spillover occurs onto neighbors and cities with different economic development levels or with different environmental regulation policies. The Rho value under W 1 is significantly positive, which suggests that neighboring cities in YRP have close interaction with each other, and also have a similar economic growth level, showing signs of collaborative development. The Rho value under W 4 is significantly negative at´0.454. This shows that "zero-sum game" caused by the environmental regulation disparity existing in YRD. The firms transfer from cities with more stringent environmental regulation policies to cities with laxer policies, so the growth rates in these two kinds of cities show a negative correlation. Obviously, when environmental regulation disparity exists, some cities' rapid economic growth occurs at the expense of the cities with more stringent environmental regulations. Similarly, the Rho value under W 3 shows that the cities with economic disparity also experience the "zero-sum game".
For PRD, the estimation results show that the Rho value is significant under matrices W 2 and W 4 . The Rho value under W 2 is only 0.001, which is meaningless for economic interpretation. What is interesting is that the Rho value under W 4 is significantly positive, and the value is 0.431, which is significantly different from the results of JJJ and YRD, indicating that the cities with environmental regulation disparity have a positive correlation with each other. To explore the reason for this, we can draw some insights from the "vacating cage to change bird" policy advocated by the Guangdong provincial government. The cities with environmental regulation disparity may be presented with opportunities to grow from the industrial transfer. For cities with more rigorous environmental regulations, they clear the polluting firms away and then give room for more suitable enterprises to move in. Through this process, these cities achieve the goal of updating their development patterns to ones that are more sustainable. For cities with more lenient environmental regulations, firms move in and bring demand for employment, which gives peripheral cities a chance to achieve a faster economic growth rate. It can be seen that environmental regulation disparity in PRD has an important role in promoting the overall level of sustainable growth, and the "Race to the bottom" phenomenon has not been evident.
Comparing the spatial econometric regression results of the three urban agglomerations, there are great differences in the spillover effects and spillover channels. Specifically, environmental regulation disparity has become an important spillover channel for YRD and PRD. In these two urban agglomerations, environmental regulation in PRD has promoted the coordinated growth through industrial transfer and industrial structure upgrades. For YRD, there is a trade-off between cities with environmental regulation disparities, and the whole economy falls into the "zero-sum game" dilemma. The reason for this situation is mostly due to the benefits of industrial structure upgrading in cities with severe environmental regulations that cannot compensate for the losses arising from industrial transfer. In JJJ, the impact of environmental regulation disparity on the spillover effect is not significant, and political factors play an important role in the spillover process. In summary, environmental regulation significantly affects cities' economic growth, but only in YRD and PRD does environmental regulation disparity become a spillover channel through the process of industrial transfer.
Conclusions
This paper examined the influence of environmental regulation on the sustainable economic growth of urban agglomerations. Using the NEG model as the theoretical framework, we illustrated how environmental regulation influenced firms' location choices and urban economic growth. By developing a complex index expressing the stringency of environmental regulation for China's three largest urban agglomerations (Jing-Jin-Ji, the Yangtze River Delta and the Pearl River Delta), this research revealed the negative effect of environmental regulation on urban economic growth and different spillover mechanisms across urban agglomerations.
Empirical results of the benchmark model showed that environmental regulation had a consistently significant negative effect on economic growth in the three urban agglomerations, verifying the propositions proposed in the model. Cities with more lenient environmental regulations had a higher growth rate. Furthermore, we tested whether environmental regulation had a long-term effect on economic growth, and found no sufficient evidence regarding the existence of long-term effects in all three urban agglomerations.
In an attempt to identify the channels through which economic spillover occurs in the urban agglomeration, we used different weight matrices to illustrate the different economic networks of the urban agglomeration, and demonstrated that the spillover mechanisms in different urban agglomerations varied. Specifically, environmental regulation disparity was a spillover channel for the Yangtze River Delta and the Pearl River Delta, while the spillover effect of this channel was not significant for Jing-Jin-Ji. Besides, environmental regulation disparity in the Pearl River Delta promoted regional development, while it triggered fiercer competition among cities in the Yangtze River Delta. 
